A direct role of NF-B in antioxidant homeostasis in renal cells has not been elucidated and warrants investigation. Therefore, we examined whether NF-B has a direct role in antioxidant homeostasis and redox balance in human kidney-2 cells overexpressing NF-B-p65 and compared them with the cells overexpressing Nrf-2, a well-known transcription factor involved in antioxidant homeostasis. The ability of NF-B-p65 to increase antioxidant enzymes, to reduce reactive oxygen species (ROS), and to rescue ROS-induced renal dopamine D1 receptor dysfunction, was studied. The transcription activity of NF-B-p65 and Nrf-2, measured as luciferase reporter activity, increased in cells overexpressing these nuclear factors. The levels of mRNA and activity of glutathione peroxidase as well as the protein levels of superoxide dismutase-1 and glutamylcystein transferase were increased in cells overexpressing NF-B-p65 and Nrf-2. Furthermore, the levels of ROS decreased and D1 receptor agonist SKF38393-mediated [ 35 S]GTP␥S binding (index of D1 receptor function) increased in the presence of hydrogen peroxide in cells overexpressing NF-B-p65 and Nrf-2. These results suggest a direct role of NF-B-p65 in antioxidant homeostasis, contributing to redox balance in renal cells.
NADPH-oxidase and the cellular milieu of oxidative stress (2) . For long, it was thought that NF-B is exclusively involved in the inflammatory and oxidative stress processes. However, our recent study, including the studies from others, implicates its role in the process of antioxidant homeostasis in the kidney and muscle tissues as well as in the blood and neuronal cell lines (13, 14, 23, 31) .
A direct role of NF-B in antioxidant homeostasis, especially in renal cells, has not been established. Therefore, we designed experiments to study the direct role of NF-B in antioxidant homeostasis and redox balance in human kidney-2 (HK-2) cells. NF-B-p65 with a nuclear localization segment (NLS) (26) was overexpressed in HK-2 cells, and its ability to increase antioxidant enzyme levels, such as glutathione peroxidase (GPx), superoxide dismutase-1 (SOD-1), and glutamylcystein transferase (GST), was studied. Also, the effect of NF-B-p65 overexpression on the cellular levels of ROS in the presence of hydrogen peroxide (H 2 O 2 ) was studied. Since H 2 O 2 mediates dysfunction of the dopamine D1 receptor in renal cells (3), we also studied the ability of NF-B-p65 to rescue H 2 O 2 -mediated dysfunction of the D1 receptor. Furthermore, these effects of NF-B-p65 were studied in parallel by overexpressing Nrf-2, a well-known transcription factor involved in antioxidant homeostasis (9) .
MATERIALS AND METHODS

HK-2 cell cultures.
Human kidney (HK-2) cells of proximal tubular origin were purchased from American Type Culture Collection (ATCC, Manassas, VA). The cells were grown in DMEM/F12 culture media containing 10% fetal bovine serum, 5 ng/ml epidermal growth factor, 50 g/ml bovine pituitary extract, and a mixture of antibiotics and antimycotics (100 U penicillin, 100 g streptomycin, and 0.25 g/ml amphotericin B, Invitrogen, Carlsbad, CA) in a humidified incubator maintained at 37°C under 5% CO 2 .
Cell transfection with NF-B-p65 and Nrf-2 expression vectors. An NF-B-p65 plasmid in a pShooter vector (pEF/myc/nuc-NF-B) with a nuclear translocation domain (26) and Nrf-2 plasmid in a pCMV vector were used. pEF/myc/nuc (pShooter) and pCMV/myc/cyto (pCMV) served as the empty vector controls for NF-B-p65 and Nrf-2, respectively. The cells were grown to 40% confluence and transfected with either an empty vector or NF-B-p65 and/or Nrf-2 plasmids using a fugene-6 transfection reagent-to-DNA ratio as 3 l:1 g as per the manufacturer's protocol (Roche, Indianapolis, IN). The DNA amount in transfection studies was kept at 2 g by using an appropriate empty vector. All the experiments were conducted 24 h posttransfection.
Transcription activity. A custom promoter-reporter construct was synthesized (NorClone Biotech Labs, London, ON) where 2,850 bp upstream of the start site in the promoter region of the antioxidant hemeoxygenase-1 (HO-1) enzyme was linked to the firefly luciferase gene in a pGL4.10 vector. The cells were transfected with 1 g DNA each for the HO-1 promoter-reporter construct and either an empty vector or NF-B-p65/Nrf-2 plasmids (alone and together). A Renilla luciferase plasmid (0.1 g pRL-TK) was used as the transfection efficiency control. All the transfections were carried out as above. Luciferase activity as an index of transcriptional activity of NF-B-p65 and Nrf-2 was conducted using a Dual Luciferase Reporter Assay Kit (Promega, Madison, WI) according to the manufacturer's instructions. Briefly, 24 h after transfection, the cells were washed with PBS and 20 l of the cell lysate was used to measure firefly luciferase activity using reagent II, followed by determination of Renilla luciferase activity using Stop and Glo reagent. The firefly and Renilla luciferase activities were measured using a Synergy 2 plate reader (Biotek, Winooski, VT), and the results are expressed as the ratio between the activities of firefly and Renilla luciferase.
ROS measurement. The cellular levels of ROS were determined using H 2O2 and the cell-permeable fluorescent probe dichlorofluorescein diacetate (CM-H2DCFDA; Invitrogen) (37, 38) . Briefly, cells in 12-well plates were loaded with 5 M CM-H2DCFDA in PBS for 45 min at room temperature. Thereafter, cells were washed with PBS twice and 2 ml of fresh PBS was added and incubated with vehicle or 5 M H 2O2. The fluorescence intensity as a result of dichlorofluorescein oxidation by H2O2 was recorded over a period of 5 min using the Synergy 2 plate reader (excitation: 492-495 nm/emission: 517-527 nm, Biotek). The cells were detached using trypsin/EDTA (0.5/ 0.2 g/l), counted, and used to normalize the results.
Immunofluorescence. The cells were cultured on 1% poly D-lysinecoated glass coverslips and transfected with NF-B-p65 and Nrf-2 plasmids and their respective empty vectors as described above. Twenty-four hours after transfection, the cells were fixed with 4% ice cold paraformaldehyde in PBS for 10 min and processed for immunofluorescence staining as described earlier (11) . Briefly, cells were incubated with blocking buffer (5% normal goat serum and 0.1% Triton X-100 in PBS) followed by separate incubation with rabbit NF-B-p65 (1:200) and Nrf-2 (1:200) antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). After washing with PBS, a cy3-conjugated goat anti-rabbit secondary antibody (1:1,000, Invitrogen) was used to probe the primary antibody. In NF-B-p65 and Nrf-2 dualtransfected cells, double labeling of NF-B-p65 and Nrf-2 was conducted using mouse NF-B-p65 (1:200, Millipore, Billerica, MA) and rabbit Nrf-2 (1:200) primary antibodies and Alexa Fluor 488-conjugated anti-mouse and Alexa Fluor 568-conjugated anti-rabbit secondary antibodies (1:1,000), respectively. Thereafter, the cells were mounted with nuclear dye DAPI containing mount media and scanned under an Olympus 181x series fluorescence microscope using a ϫ60 oil objective and respective filters. Cells probed with only a secondary antibody resulted in no fluorescence signal and were considered as negative controls (data not shown).
Protein measurement. Proteins were measured using a BCA protein assay kit (Pierce, Rockford, IL) and BSA as standards.
Western blotting. The proteins levels of Nrf-2, NF-B-p65 (Santa Cruz Biotechnology), SOD-1 (Millipore), and GST-M1 (Assay Designs, Ann Arbor, MI) were determined by Western blotting using specific primary antibodies and horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology). RT-PCR. Total cellular RNA was isolated using an RNeasy minikit (Qiagen, Valencia, CA) per the manufacturer's instructions. cDNA was then synthesized from 1 g RNA using Advantage RT for a PCR kit (Clontech, Mountain View, CA) and used in the PCR to amplify the GPx1 gene using published primers for GPx1 (forward: 5=-GACTACACCCAGATGAACGAGC-3= and reverse: 5=-CACCAG-GAACTTCTCAAAG-3=) (7) . The DNA bands were resolved on an 0.8% agarose gel, visualized with ethidium bromide on Image Station, and quantified using software (Alpha Innotech, Cell Biosciences, Santa Clara, CA).
GPx activity. GPx activity was measured using a commercially available kit (Assay Designs).
Statistical analysis. Data were analyzed by ANOVA and post hoc Newman-Keuls analysis. P Ͻ 0.05 was considered statistically significant.
RESULTS
As shown in Fig. 1 , NF-B-p65 overexpression alone or in combination with Nrf-2 increased the levels of NF-B-p65 proteins (Fig. 1A) . Nrf-2 overexpression alone did not affect endogenous levels of NF-B-p65 proteins (Fig. 1A) . Similarly, Nrf-2 overexpression alone or in combination with NF-B-p65 increased the levels of Nrf-2 proteins (Fig. 1B) . NF-B-p65 overexpression alone did not affect endogenous levels of Nrf-2 proteins (Fig. 1B) . Figure 2 shows the cellular localization of NF-B-p65 and Nrf-2 upon their overexpressions in HK-2 cells. NF-B-p65 was localized exclusively in the nuclei (Fig. 2B ) whereas Nrf-2 was found to be present throughout the cells (Fig. 2D) . Their coexpression mostly localized Nrf-2 in the nuclei (pseudo-red color) (Fig. 2E) , whereas, due to NLS, NF-B-p65 was localized in the nuclei (pseudo-green color) (Fig. 2F) . The merging of red (Nrf-2) and green (NF-B-p65) resulted in yellow staining in the nuclei (Fig. 2G) .
Overexpression of Nrf-2, NF-B-p65, and their combination increased the luciferase activity by about twofold, fourfold, and sixfold, respectively (Fig. 3) .
The GPx1 mRNA levels increased with overexpression of NF-B-p65 and Nrf-2, alone and in combination, in the order of NF-B-p65 Ͻ Nrf-2 Ͻ NF-B-p65ϩNrf-2 (Fig. 4A) whereas the activity increased to a similar extent in these cells (Fig. 4B) . Furthermore, the levels of SOD-1 protein increased to similar levels in cells overexpressing NF-B-p65 and Nrf-2 alone or in combination (Fig. 5A) . However, the GST-M1 protein levels increased in Nrf-2-but not in NF-B-p65 overexpressing cells, which further increased in cells overexpressing both NF-Bp65 and Nrf-2 (Fig. 5B) .
The endogenous levels of CM-H 2 DCFDA fluorescence intensity, an index of ROS, in empty vector-transfected cells increased, which decreased with NF-B-p65 and Nrf-2 overexpression (Fig. 6, left) . in empty vector-transfected cells, which were attenuated in cells overexpressing NF-B-p65 and Nrf-2 (Fig. 6, right) .
The D1 receptor agonist SKF38393 increased (Fig. 7) . SKF38393 increased [ 35 S]GTP␥S binding in H 2 O 2 -treated cells overexpressing NF-B-p65 and Nrf-2 (Fig. 7) .
DISCUSSION
Our present study clearly demonstrates that NF-B-p65 in renal cells increases the expression of antioxidant enzymes (GPx1, SOD-1) and enhances the ability of Nrf-2 to increase GST-M1 protein expression. It also reduces the cellular ROS (H 2 O 2 ) levels and rescues ROS-mediated dysfunction of renal dopamine D1 receptors. These effects of NF-B-p65 clearly indicate a direct role of NF-B-p65 in antioxidant and redox homeostasis in renal cells.
The present study actually stemmed from our own findings and the findings from other laboratories demonstrating an association between NF-B and antioxidant enzymes in the kidney, muscle, and neuronal cells (13, 14, 31) . However, these studies could not provide evidence for a causal role of NF-B in antioxidant enzyme homeostasis. Therefore, we studied the causal role of NF-B-p65 in antioxidant and redox homeostasis in renal cells by undertaking an approach of overexpressing NF-B-p65 with a nuclear localization domain (26) . This approach was particularly helpful in targeting NF-B-p65 to the nuclei (Fig. 2) , the site of its action. Furthermore, the antioxidant effects of NF-B-p65 were simultaneously studied and compared by overexpressing the antioxidant Nrf-2 factor (9) as a positive control.
NF-B is a pleiotropic transcription factor involved in transcription of a wide array of target genes responsible for the immune response, cell survival, stress response, proliferation, and apoptosis (10, 12) . Nrf-2 belongs to the Cap-'n'-collar family of basic region leucine zipper transcription factors (9, 20) and causes gene transcription of detoxifying enzymes and antioxidant enzymes including GPx, SOD, and GCT (9, 20) . Both NF-B-p65 and Nrf-2 plasmids used in our study are not inhibitory to each other (Fig. 1) , causing expression of the respective proteins, which seem to interact with each other in the nuclei (yellow staining; Fig. 2G ). However, the magnitude of NF-B-p65 expression is less than that of Nrf-2. The reason for this could be due to the mechanisms by which their homeostasis is maintained in the cells. The half-life of active NF-B is Ͻ30 min whereas the inactive form is relatively stable (17) . We have employed an NF-B-p65 plasmid with a nuclear targeting domain (26) (active NF-B-p65 form), which caused its protein expression but resulted in lesser cellular accumulation probably due to its shorter half-life.
On the other hand, Nrf-2, under homeostatic conditions, is bound to a protein, keap1, which causes its cytoplasmic sequestration and proteosomal degradation (20, 22) . It is likely that Nrf-2 overexpression offsets its Keap 1-mediated degradation, resulting in its greater cellular accumulation.
We further investigated transcription activity of NF-B-p65 and Nrf-2 by determining hemeoxygenase-1 promoter luciferase reporter activity as well as mRNA levels of an antioxidant enzyme, GPx1. HO-1 promoter has consensus binding sequences for both NF-B-p65 and Nrf-2. NF-B-p65 and Nrf-2 alone increased the luciferase activity and GPx1 mRNA levels, which were additive when both the transcription factors were present, suggesting their independent transcription activity for GPx1.
We also measured GPx activity to determine whether the NF-B-p65-and Nrf-2-induced increase in the GPx1 mRNA levels correlated with enzyme activity. To our surprise, the GPx activity increased to a similar extent in the cells overexpressing NF-B-p65 and Nrf-2, alone or together, suggesting that enzyme activity, at least with GPx, does not always increase in parallel with the mRNA levels. A recent study conducted in the rat kidney also showed a lack of direct relationship between GPx1 mRNA levels and its activity (24) . Low GPx activity was not associated with any change in either GPx1 mRNA or its protein levels (24) . The reason for the lack of existence of a direct relationship between GPx1 mRNA and/or protein on its activity may be due to posttranscriptional and posttranslational modifications of its mRNA and protein, respectively. Furthermore, NF-B-p65 and Nrf-2, alone or together, increased SOD-1 protein to similar levels. Contrary to this, Nrf-2 alone, but not NF-B-p65 alone, increased the protein levels of another antioxidant enzyme, GST-M1, which further increased when NF-B-p65 was present. Taken together, these results suggest that NF-B-p65 and Nrf-2 have differential effects on different antioxidant enzymes and NF-B-p65 may actually aid Nrf-2 function, or vice versa, for at least GST-M1.
The functional consequences of NF-B-p65 and Nrf-2 overexpressions were determined by studying their effectiveness in reducing ROS levels and protecting ROS-induced dysfunction of dopamine D1 receptors in the presence of H 2 O 2 . ROS cause dysfunction of the dopamine D1 receptor in terms of inability of the receptor agonist SKF38393 to increase [
35 S]GTP␥S binding (3, 11, 13) . ROS levels, determined as DCF fluorescence (4), increased with the empty vector, which further increased with H 2 O 2 . Both NF-B-p65 and Nrf-2 overexpressions reduced ROS levels induced by either the empty vector or by H 2 O 2 . These results provide evidence that NF-B-p65 and Nrf-2, alone or together, are effective in maintaining redox balance in renal cells. Another interesting finding of our study is that mere gene transfer (transfection) increases the cellular levels of ROS and both NF-B-p65 and Nrf-2 could reduce them. This unravels the unique role of NF-B-p65 and Nrf-2 as antioxidants, which can be undertaken as tools to reduce ROS where ROS might produce confounding effects in the study dealing with gene transfer. We also tested the role of NF-B-p65 and Nrf-2 in D1 receptor function in the presence of ROS (H 2 O 2 ). The renal D1 receptor plays an important role in blood pressure control (5) . Dysfunction of the D1 receptor, which is actually caused by ROS, is implicated in the development of essential hypertension and salt-sensitive hypertension (5 One intriguing question, however, is that activation of NF-B on one hand is linked to beneficial effects relating to antioxidant homeostasis (13, 14, 23, 31 , present study) while on the other hand it is implicated in inflammatory processes (1, 2, 8) . It is likely that the fate of NF-B action is decided by the instigator proximal to its activation as well as binding between different NF-B subunits (p50, p52, p65) and may result in different downstream signal for discrete target gene transcription. This is perhaps true given the diverse role played by NF-B in the immune response, cell survival, stress response, proliferation, and apoptosis (12, 33) .
In summary, the results from the present study, to our knowledge for the first time, suggest a direct role of NF-Bp65 in antioxidant and redox homeostasis in renal cells.
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